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@ Aviation Safety Program

Research Thrusts

Integrated Vehicle Integrated Integrated . .
Health Intelligent Flight Resilient Aircraft A"gj:;sﬁ’i'tng &
Management Deck Control y

Develop technologies, tools, and methods to:
— Improve inherent safety attributes of new and legacy vehicles

— Overcome safety technology barriers that would otherwise constrain
full realization of the Next Generation Air Transportation System



Safety Challenges

Expanding Capacity
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Safety Challenges

Expanding Capabilities
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Safety Projects

Project Areas

Integrated Intelligent Flight Deck
* Optimum Workload Allocation
» External/Internal Situation Awareness
» Off Nominal Behavior Detection

L] Integrated Resilient Aircraft Control

..... . * Prevent Loss-of-Control Accidents
» Autonomous Vehicle Mission Management
* V&V of Complex Flight Critical Systems

e » 3 » 8B R 8 8 5 & 8

Integrated Vehicle Health Management
* Prevent System and Component Failures
+ Self Recovery from Malfunctions
* Improve Maintenance

Data Driven
e Genetation AT o SEE Requirements

Aircraft Aging & Durability
» Damage Science for Materials & Structures
* Detection and Integrity Assessment
* Design for Reliability and Durability




Research Hierarchy

I_L

(>

2

L -

E

<

\>

(> . g = g=
! Multi-Discipline
s Interactions

-
rd
—=0

d

Discipline Level
Technologies

———
| =
-
{

1€

r

3|

Fundamental Physics & Modeling




Approach

Space Act Agreements to collaborate with
industry; Establish partnerships with other
Government Agencies (FAA, DOD, efc..)

NASA development of multidisciplinary
technology solutions and validation methods

NASA development of discipline-related
solutions and validation tools

In-house research, supplemented with
Universities and companies performing
foundational research to address
technology gaps

Solve aeronautics safety challenges for a broad
range of vehicles with system-level optimization,

assessment, and technology integration
Level 4

Integrate methods and technologies to develop
multi-disciplinary solutions

Level 3

Leverage the foundational research to develop
technologies and analytical tools focused on
discipline-based solutions and efficient validation

processes
Level 2

Conduct foundational research to further our
fundamental understanding of complex safety-

related problems facing aeronautics community
Level 1




Four-Step Planning Process

Step 1: Assess the long-term research needs and goals in
the Aviation Safety program and establish technical
roadmaps to accomplish those goals.

Step 2: Solicit information on key areas of interest from the
external community and determine opportunities for
collaboration through an RFI

Step 3: Develop research proposals at the field centers
Step 4: Issue a NASA Research Announcement to solicit

proposals for foundational research in safety related
problems



A% Aviation Safety Top Level Roadmap
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Integrated Vehicle Health Management

Multidisciplinary Vehicle-Wide Health Management System, Tools,
LEVEL 4 and Technologies for:
» Graceful Recovery from In-Flight Failures (SAFETY)
* Preventive and Adaptive Systems for In-Flight Operability (SAFETY, PERFORMANCE)
* Informed Logistics & Maintenance (COST, PERFORMANCE)
LEVEL 3 Integration & Assessment of Adaptive IVHM Systems into Vehicles —
Validation &
Predictive
Airframe Propulsion || Aircraft Systems || Environmental System Architectural Capability
Framework Assessment
LEVEL 2 Integration, Understanding, & Assessment of Self Aware and Adaptive Subsystems
Intelligent Sensing, Prognosis Failure & Hazard Architecture & Characterization,
Monitoring, & Mitigation Information Validation &
Diagnosis Management Predictive
Capability
LEVEL 1 Integration & Assessment of Models, Materials, and Smart Subsystems/Components
Physics Based Sensor and State Advanced IVHM Analytical,
and Data Driven Actuator Awareness Materials Architectures Simulation, and
Modeling Technology for IVHM Experimental
Methods and
Advanced Data Detection Theory & Design Techniques
Analysis & Data Mining Reasoning Methods Methods




Integrated Vehicle Health Management:
Research Topics

: Self-awareness and prognosis; anomaly detection and
Aﬁ;ﬁg‘gel;lneeanl%h identification; in-flight damage, degradation and failure mitigation.
: Self-awareness and prognosis of gas path, combustion, and
Prf\)ﬂpaurl]zlggrreenatlth overall engine state; fault-tolerant system architecture.

State-awareness and prognosis of landing gear, hydraulic and
pneumatic systems, electrical and power systems, fuel and
Aircraft Systems Health lubrication S}/stems, and avionics/communication-navigation-
Management surveillance/flight critical/flight management systems; robust
distributed fault-tolerant self-recoverable architectures.

Prevent, detect, and mitigate the effects of hazards such as

Environment Health onboard fire and fuel detonation; interior air quality degradation;
Management ice; lightning strikes; EMI/EMC; and ionizing radiation.
, System design, analysis and optimization; information
System Architectural management, data flow and communication; control and

Framework reconfiguration; architecture development and validation.

. o Analysis, simulation, ground-testing, flight testing, environmental
Validation and Predictive | testing, and software assurance.

Capability Assessment
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,<><> Re-curring milestones (yearly, every 2 yrs, etc) FYO7 FY08 FY09 FY1 O FY1 1 FY1 2 FY1 3

FY14 FY15 FY16

Baseline assessment of Define Next Generation Develop and validate IVHM techiologies for 5
IVHM state of the art IVHM capabil p i ion and mitigati
©  Vehicle-Wide IVHM T O $'® 5 <
Analyze accident, incident, i for Next i IVHM De\'lelo'p & demo_n_strate IVHM Define Next Generation | ===
maintenance, & VASIP data for _framework & implementation (Annual Updates) IVHM capability |
- rat systems, airirame, an Complete an Integ Tech Assess state of art in IVHM (Updates) Demo IVHM design/integ capabili Develop integ diagnostic/prognostic toolset Demo Mulit-Disciplinary
(o) Integration & A nent of propulsloniyeing Dev Plan/Approach ! Ehne) R A velop Infgg Clagnosticp Rgost _Net and Valid Meth
Adaptlve IVH M sy3tem5 Perform annual assessment of state’of the art of structural IVHM systems in aerospace vehicles N N L N _
within NASA, DoD and fal alrcraft and industry (Annual updates) Demonstrate in-stiu damage mitigation for structural integrity
@ Airframe HM ‘—<> ?-
Define interagency test beds for airframe diagnostics/prognostics Demo structural HM system on ground test of multi pemo reliable HM for Demo engine oo adaptive :;:;l;"';"ﬁ:;g"rads
capability assessment Demo fidelity of globalllocal sensing _Structural B engine gas path systems self-awareness o chnoiogies, Mingt =)
. Pro ulsion HM methods for rotating & static components: Demo toolset for propul )$>
P - system life mgn
Assess State of art in propulsion health Reme Y fogn) Demo imp IVHM for the Demo improved IVHM for ~ Assess perf of improved IVHM tech
management & fault tolerant architectures Develop Aircraft System Architectures Fuel Management sysse<m\ the Electric Power system for aircraft systems 5
©  Aircraft Systems HM <= <= \2( X <
. Demo improved IVHM for the’ Demo improved IVHM for the
Ass.ess State of Develop improved Demo improved IVHM for the Landing Gear system | y i ic system N NS/FCS/FMS ®
:;é:alf:’:x::r;s L‘;:':l:::h for Aircraft Develop an interior air quality monitoring Dgv/Dgmo xeal;time hazard mitigation w
H & mgt system
Environment HM F
. f : Dev adapdve fuel tank flammability protectiol Dev/Demo in-situ envirn hazard monitoring & detpct
Assess state of art in environment N . g P
control monitoring, hazard detection and ] L Define model, eval control & Define & Eval info req Demo mechanisms that
P ’ evelop ar i for failure remediatiol rt ingtiy damage ation
. mitigation (Updates] suppol ] g
@ IVHM Architecture aation Ungmes! e S XN N
Develop & demb distributed IVHM architecture Demo sys design} analysis and board and extern{ comm sys
optimization methodology Assess/Characterize the perf of
. . . - D plvali IVHM i engines multiple FDJR systems
@ Validation/Predictive Capability /)(> é
Develop/mature tools, methods & for IVHM te A q
Assessment evelop/mature tools, methods & process for systems b . DIR Verify N o : "ed"‘le perf of
end IVHM i multi p models
. ¢ q 0 f Demo that system level design o i
Understandi d it of risk of
© Integration/Assessment of Self drdecsandna andsscegaadiofrikof | | | Eatahlah Stk Awsrenass Linkage methods snable robust integgatio,  Deime (12t eystem analys and optiization
Aware Adaptive Subsystems D e
Assess SOA in online i &cCl i D Demo Demo Improved High-TempFlight test peyejop intell} emo fault Demo intelli Demo joint d
In telligen ey detection AN Sensor/Detection Algorithm K' i T ty demo sensor system tection Sensors/actuatorsOf vehicle failures
(o) lige: ors, <H <
Monltorlng & DlagnOSIS Assess SOA of Define state awéreness Conduc( ubcom, t
) Establish physics-based ponent Methods for pre e qeerating re i
Ipredicti q i e icti studles Z‘;{'ﬁe:?g Pehiessd Develop prognostic yjigate Prognostic r-
@ Prognosis XN @ XS S )
Assess SOA in alrcraft Develop/Asse failure hazard Identlfy characterize seni or/detechon algorithm Provéc P ow.er s healt tate reasoning methods / ('<D
. agsn 0 hazards miti elop/Dem ic istr o
. Failure & Hazard Mltlgatlon ﬁ)\/ X />< />& Ve X\ )(L /\ itigation tools
SOA i i Develops€lf-healing materials” Mrage studles \>$meg detection/mitigétion system tools N
assessment gexent design API Defipition Network/datalink mechanisms Ultra-reliable fault tolerant comm tech
. Self-Healing Materials &V methods
. Architecture & Info Mgnt Dynamic resource
atabase schema e T tudi \ Technolody DSmo Demo V&YV for y
Optimal test case Stability g rade studies " Info integ & analysis tools y prognostic/life models management scheme
© Characterization, Validation , % e = % :
& Predicative Capablllty Hybrid diagnosis engine H b[?‘e‘ﬂ'o V&V tools _evnsﬂqd'::‘etm {patlon process the loop Certtest sensor Demo V&Y Demo VaV for Develop techniques fO;ffDI_‘Mﬂl "
using HWIL testbeds ybrid diagnosis engine using flighttesting g, ¢ gescription method ~suites fusion_for engir models "
. Demo integ analysis & Inte: "
A A grate key formal Assess physics based and
. Integr_atlonlAssess of MOdels! :/< simulation methods design methods N A\ /X data-driven models
Materlals/Smart Components Assess physics base Identify top failure modes Develop/validate damage Storage-Safe Fuel Formulation Advanced modeling structural .
and data driven mogels, and conduct tests mechanics methods Physics based models AET e "ilY::f:pt::::;rTode'S for
@ Modeling & State Awareness
Establish Material characterization database™ Ppost fire gas transport Low power fire sensor  Develop airplane RF envi Demo ice -
@ Sensors, Actuators & Materials ¢ o
Perform SOA assessment of q <
i i i fire i ine fi Develop theoretical ba: Develop model predictive control ~Demo approach for large scale epy
@ Detection Theory, Reasoning, & Advanced fetectin Lty detection -
Data Analysis and Data Mining @;X} =
Assess SOA in formal. . q Adopt engineering Incorporate risk  paintainablity/functionailty issues F for engines di: is and
N ‘unctional modeling ssessment A A
o q design methods ethed, RTC. y rognosis
@ Architecture & Design Methods X </ \<)/<
. Analytical, Simulation Compositional verification istical tools  Optimi Demo V&V IVHM model Static analyss tools D|fferent/|a|>v<eriﬁcationEXtend model checking | i model
& Experimental Testing % % &Q m <X3<> 6

Mo|4 spuswalinbay / moj4 ABojouydsaj




<><> Re-curring milestones

FYO7 FY0O8 FY09 FY10 FY11 FY12 FY13 FY14 FY15 FY16

Develop and validate IVHM technologies for prevention, 5
© Vehicle-Wide IVHM detection and mitigation of malfunctions, failures, & damage s\ g
F =Y
Demonstrate integrated sensing, diagnostic, and prognostic -
structural HM system on ground test of multiple airframe )
structural subcomponents under relevant environments g
@  Airframe HM 5> o
Develop self-healing materials
for structural damage tolerance
(o) Failure & Hazard Mitigation 2
Demonstrate optimal fault/accommodating
control techniques for regtoration of
Development and ground test demonstration of airframe load alleviation [ (from IRAC)
integrated sensing and diagnostic system on Flight test dempnjstration of integrated
structural elements and or subcomponent tested ‘ensing and djaghostic system on g
under representative flight conditions structural subtomponent 2
@ Intelligent Sensors, by X o
Monitoring & Diagnosis / N
Lt ?ﬂtmds el Develop/validate variable fidelity models for
pregiciing future residual strength/life for real-time prognosis
opgrafing environments
@ Prognosis ’\<>Q %
Developl/validate physics/based prognosis methodologies
/ to estimate residual strength/life of aerospace structures
. Dl
iligti Develop advanced
Develop/validate failure criterj fe alygi€al & experjmental damage technc..\logles for .
failure modes in structural i ructural materials modeling damage in
@ Modeling & State Awareness (X Structures
As_sessdment:ftp'lodelz ffon_'lperfofrmance, hani lop Inverse Finite Elemept Method to determine
aging, degradation and failure o o lgcate and characterize/damage size fromy deformations
airframe materials and structures -
Develop and demo prototype sensory & self/ealij evelop and o
@ Sensors, Actuators & Materials demonstrate self \, Develop methods of ¢<D
Devel d validate b . tal testi diagnostic and detecting environmental —_—
eve'op and va'idate by experimental testin onboard processing degradation -
physics based & empirical models of sens: bilities f
d actuator performance sensor Capavlities for
an nologies structural sensors
@ Architecture & Design Methods <O QR
Development of inference engines Fundamental techniques for analysis of
for diagnosis and prognosis different cl of inference engines

A Annual portfolio assessment reviews at Level 4 not shown
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FYo7r FY08 FY09 FY10 FY11 FY12 FY13 FY14 FY15 FY16
Develop and validate IVHM technologies for prevention,
© Vehicle-Wide IVHM detection and mitigation of malfunctions, failures, & damage s\
Demonstrate highly accurate and reliable health
management methods for engine gas path systems
(0] Propulsion HM
Demonstrate model-based engine gas path performany / / / I
. tracking and intrinsic diagnostics/prognostics
(o) Intelligent Sensors, 9 9 prog XN
Monitoring & Diagnosis /
Develop prognosis methodologies, accoynting for
o Prognosis degradation effects, on remaining £€nging operability maygins XN\
(N A A
©  Failure & Hazard Mitigation Y 9 (2
Demonstrate lightweight, Depionstrate = Demonstrate Develop control limit logic
robust, active clearance stall prevention reconfiguration
control system for an & recovery for techniques for restoration
intelligent eV urbomachinery of engine operability
Q Modeling & State Awareness <>—<> ' /
Model aircraft engine Develop hybrid (analytical +/empjricat) engine model
performance faults and nonlinear tracking filtef te; fques
@ Detection Theory, Reasoning & Advanced
Data Analysis X/ )4
Advanced diagnostic and Model predictive control fault avoidance and mitigation

prognostic reasoners for engine techniques, and optimal reconfigurable control
gas path system developed techniques developed

b [9A9"]
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INTEGRATED INTELLIGENT FLIGHT DECK

Tools, Methods, Concepts, Principles, Guidelines, And
LEVEL 4 Technologies For Revolutionary Adaptive Flight Decks That

Improve Safety

\4 v v
LEVEL 3 T railored Flexible Adaptive Displays Decision Associate
Operator-Automation p. and Interaction 44— Technology <«
Management
LEVEL 2 Adaptive Intelligent Information Management Methods, Metrics, <+——>
T \ and Tools
Automation Monitoring Operator State Monitoring External Hazard Detection
& Failure Mitigation & Classification & Classification —
LEVEL 1
Multi-Modal Interface Sensor Technology Characterization of Formal Design, Modeling,
Technologies Development External Hazards & Verification Methods
Signal, Speech, and Image Detection Theory Operator Characterization Information Systems and
Processing Methods & Interaction Modeling Infrastructure

sanijiqede) jejusawiiadxy




Integrated Intelligent Flight Deck:
Research Topics

Tailored Flexible Operator-
Automation Management

Dynamic operator/automation function allocation strategies with
formally verified fail-safe reversionary modes for automation
assigned functions

Adaptive Displays and
Interaction

Equivalent visual environments; spatially-integrated displays that
enable optimal presentation and management of flight deck
information; optimized controls and displays that support extra-
and intra-flight deck information coordination

Decision Associate
Technology

Tools and functional capabilities that support hazard remediation;
situational awareness and analysis; integrated crew advisory and
warnings; collaborative decision making; and tactical guidance
and re-planning

Intelligent Information
Management

Information systems that support the needs of technologies
above while enabling integrated flight deck and external
environment state assessment and safety analysis, tracking of
real-time navigation, communication and surveillance
performance, supporting collaborative information management
(with ATC/AOC), and providing predictive information.

16




QD Re-curting milestones (vearty, every 2 yrs, et FYO7 FY08 FY09 FY10 FY11 FY12 FY13 FY14 FY15  FY16
ideli to validati ideli AFDS ideli i ideli
PP i Guidel Infel Guidel
Revolutionary Adaptive Flight Develop for AFDS _ Quantification Including SYSIoM- poqe for AFDS | CONCeptual  Validation  Rene forAFDS tramsfor Refine for AFDS| [
. e O U 0 a ry ap e g PIRT (wNGATS) level metrics & benchmarks PIRT (w NGATS) model(s) experiments PIRT (w NGATS) functions PIRT (w NGATS) f<D
Decks that Improve Safety . )
InitYal Develop Refine X Refine o —
conceptual  ASSess Tools Specification of Assess Tools Criteria for Assess Tools Validation assessment of ~ Assess 'S
framework for Application Domains PC assessing AFDS PC tools, AFDS concepts and  PC  Refine
AEDS safety risk technologies Tools
Preliminary assessment of ?eﬁ‘:_e °°’I‘I‘ex":_‘ep9“d°"‘ Define - ! Verified fail-safe distributed
= = operational scenarios unction allocation L ElEinle Seiil operator / automation system
Ta 1 Iored F I exi b Ie o perato r=- strategies point) for transitions
H Perform analyticaW
AUtomatlon Management " f human/machine tradeoff studies . . . " s
Information requirements / for functional categories Interaction constructs with  Initial safety . Validated model for predictive
task decomposition for & respect to integrated multi-  benefits Refine operator operator-flight deck- g
equivalent-visual capability modal interfaces model model to determine environment interaction (5]
Ad t_ D . I d />( optimal design of ADI <
aptive isplays an - 1)
. p . p y Presentation formats and VI HD 8 ‘Clutter 1 £ A —
Interaction ; information requiroments for | fusien  ™Metrics  information including e * guicetines de | &0
e LDy qui isual ops i metadata (e.g. quality) for ADI techs equivalent-visual ops
integrated situation g ~|
awareness ()
icl H Roles for Context: Define metrics and Assess information, Validate (2]
. Dec IS 1 o n Assoc' ate TeCh no I ogy decision making information retrieval standards for hazard Define ification, & alerting collaborative :'
i assessments (oiEpechicliazarcs system remediation S
q n R oaEty @ e S Guidelines for info o Guidelines for inf Emergent Q
flight deck inf omm del Techni t AlIM uidelines for info
. Ad aptlve I nte I I | ge nt ig| ma.e;g I:y: o Comm model AlIM arch nz:':mr:lti‘zlieeisnfg management design management opportunities 8
H design
Information Management <
Risk
) Assess Catalog flight deck info Data mining thresholds Demo AIMM mergent Safety 'l'l
. M eth ods M etrl CS & Tools fnaef:'til::’s"Sk Trade Study FD Design __ (VASIP) Safety metrics Trade Study FD Design opportunities  prediction tools Latent safety motrics, 3
’ hazards,
Autom ati on M on itori n & assen::c:u:to’ E“?Cts.Mm:::'ts Latent safety V&V Validate design IS-::::; ﬁ,'aef:zs Trade Study FD Design @ E
. . —n . g perf/state  Validation hazards metrics _ Principles & hazards ! Auto state & comm V&V auto sys V&V anomaly <
F ai | ure M |t| g atl on (Multi-yr) metrics consistency models detectors 2 m
h Human-automation FDAM Database\/ Auto sim\ / Verify FDAM :: N (1]
O t st t M -t . & Ba:;lll{: switch architecture monitor systems integrity Assess operator Validity of -g
© Operator State Monitoring states fraining
- —
- H C tational h del Predicted latent ) /Non-intrusiv Validated ~
C I aSS Ifl Catl O n Comprehensive surv Sl Lkt design errors sensors & m%s o;;r;:r models Evaluate real- (‘D
sys approach time monitoring 3
O External Hazard Detection & EHM Intermediate EHM design Decision point based on Final EHM design g
H H prelim and predictive toolset assessments of sensors, fusion based on V&V testi Validated EHM function
C I aSS Ifl Catl O n design based on V&V testing methods, and threat potentials ased.on . and predictive toolset a.‘
SoA assessment  Applications forimage/  ISpeech intellig. Language pgsess operator Evaluate haptic/ | Display/ . Eval. thought- Req'ts for lang. ‘n
(i i i p pi i cockpit :“t%:fsace tracking techs tactile techs |nt'eri'a<ie dzﬂgn control methods interface a
. rinciples
Multi-Modal Interfaces and
o o SoA assessment Controller/ Initial defn of r"i""iptiels_‘ ASsess . Procing Assess algo. Control panel Validate proc. algorithms S
s 1 g n al P rocessin g (interface tech) pilot inter. visual environ. aosrs:\;zmae:]{ voice commalg0- performance fusing EMG & VR Lo
" req'ts n q replacement o Op-specific Sensor Deliver sensor
(CaIElGEL e Rislipgtesing Assess biomech. Characterize SensorV&V;  giaps assessment o TR model techs; uncertainty
S sensors complete models un N deliver techs report reports ?eq'ts V&V i
@ Sensor Technology and -
Initial Isio)
. SoA t : I & i Error Hypotheses & Error o)
Detectl O n Th eory sensors (multi-yr) req'ts disparity metrics sensor physio statgmdelsmodels metric sufficiency models <
detection Attention Procedure 1
Baseline ext Phasing Models of human Visually-guided Phasing allocation pattern Ext haz model ﬁenved" ex!:rrI\al& 3
hazard charact. plan safety risk control models plan models analysis assessments azard models IR
H H databases
@ Characterization of External %! <0
Siw for 9 i i i h 29 X
Fatigue p. teti Acoustic Validate ops Visual Charac of peliver ext Vision comp. Phasing
Hazards and Operator L o " demands xtomal o ot ofoparatr plan
for azards model
Distr. op: sys ;nodels P yr)" deli co"t‘m Fort""‘?' - )|"t99|'it)’ H(ybrid data Framework for formal Ia"'::?;:‘ciz" In!egri:‘y
models (multi-yr). -Yr) frameworks req’ts models (auto) methods streams verif. of monitor integ. methods
@® Formal Methods and
H Tech gap In Inf Arch. A q .
Information Systems assessmant Assess solution EXITaP. SParSe race. ey, Data Formai o tadata Infa AsSess design verit
space (multi-yr) data (multi-yr) apility " comp. models (oper) interop. capture methods  ambiguity principles, metrics, & criteria

approaches
A Annual portfolio assessment reviews at Level 4 not shown




Integrated Resilient Aircraft Control

LEVEL 4 Integrated Modeling, Control, and V&V Technologies for Hazard-Resilient Aircraft
Control & Flight Management:
» Graceful Recovery from In-Flight Failures/Damage, External Disturbances, Upsets, & System / Control
Input Errors (SAFETY)
+ Effective Mission Management under Adverse/Upset/Hazard Conditions (SAFETY, PERFORMANCE, COST)
LEVEL 3

Integrated Design, Implementation, and V&V of IRAC Subsystems

Resilient Flight
Control

Resilient Propulsion
Control

Resilient Airframe
Control

Resilient Vehicle
Mission Management

Safety-Critical
System V&V

LEVEL 2

Integration & Assessment of Flight Safety Prediction and Control Remediation Subsystem Components

Intelligent Sensing, Flight Safety Coupled Hazard Control Control V&YV of
Monitoring, & Prognostics Effects & Mitigation Autonomy Complex
Diagnostics for Vehicle & Recovery Systems
Vehicle Control Response
Characterization
LEVEL 1 Characterization and Assessment of Safety-Critical Adverse / Upset / Hazard

Conditions and their Effects on Vehicle System Safety and Control

Advanced Control
Structures

Resilient Materials

Robust Design and
Risk Analysis /
Mitigation

Vehicle Dynamics &
Hazards Effects
Modeling

Instrumentation
for Resilience

Simulation of Complex
Systems

Detection, Identification,
& Prediction Methods

Validation of Complex
Models & Systems

Control and Guidance
for Hazards
Conditions

Software Safety
Assurance & Formal
Verification Methods

for IRAC




Integrated Resilient Aircraft Control.

Research Topics

Resilient Flight Control

Fault tolerance and hazard effects protection; onboard hazard
effects assessment, mitigation and recovery

Resilient Propulsion Control

Damage tolerance and design for extended envelope operation;
onboard hazard effects assessment, mitigation and recovery

Resilient Airframe Control

Damage tolerance and structural damage avoidance; onboard
damage effects assessment, mitigation and recovery

Resilient Vehicle Mission
Management

Control and performance management; vehicle-based mission
management and autonomous collision avoidance; interface and
communication management

Safety-Critical System V&V

Safety assurance methods for complex avionics systems;
integrated V&V methods, tools and test techniques for adaptive
conltrol systems; predictive capability assessment methods and
tools

19




<><><> Re-curring milestones (yearly, every 2 yrs, etc) FYO7 FY08 FYOg FY1 O FY1 1 FY1 2 FY1 3 FY1 4 FY1 5 FY1 6

Evaluation of IRAC System for Evaluation of IRAC System :"a"’:ﬁ“:k"; IR:IC Sgstem for
ili Benchmark Problem enchmark Rroblem 2 EIRELLS R
Integrated Resilient Control N >{>_</\ M N N\ >
A X/
Tech nolog'es Requirements definition for IRAC System & V&V and ive Capability A V&V and Predictive Capability

m”sﬂsﬂﬂ;gn (Annual Updates) Process Demonstration and Evaluation

Assessment of IRAC System

Definition of IRAC Benchmark Problem 2 IRAC system design for Benchmark SIW impl & verf of IRAC subsystem Initial V&V and Predictive Capability

ssessment of IRAC System

Definition of integ sim Dev of prelim integ tools & test

(o) Integration & Assessment Prelim IRAC De;ign Req 23 2; SN P% Y% A
IRAC System Design?y Dev of prelim .?.gg Definition of IM\(2>;enchmark Problem 3 IRAC %em Designs for Benchmark
&V

req for IRAC Problem 1 for V. capability Problem 3
. Resilient FI Ight Control Baseline integ flight simulation  pev/eval of RFCS (Updates) Hazard tolerant design technologies and guideline Experimental testing of RFCS
Hazard tolerant design req evieval of integ vehicle'State | qate integ high-fidelity flight simulation (Updates) Hazard tolerant design technologies and guideline
Assess of flight control interactions (Updates) assess model (Updates) . S Experimental validation of resilient
Define high level syst " 1A Complete modeling/simulation (Updates) °"‘F'I ete ";'55:" 3h 39"“(’9 engine contro
AH . efine high level system requirements’ ropulsion for benchmarl
© Resilient Propulsion Control 9 pslomireq ‘Q JX>’ ) _
Complete prelim resilient propulsion design Complete control algorithm for damage engine . 4 ‘
Complete control framework design Demo of analysis tools for robust engine desigr|
Dev req for integ fault-tolerant Develop design thodologies for upset pi ion and failure mitigation (Updates) Experimental validation of

resilient airframe control

. Resilient Airframe Control airframe design |; ‘ ,Damagemitigatiané&ai:&ccwer)’{chnology(Upda\tﬂx>

1

assess of S-0-A

In Develop technologies for structural damage/upset assessment (Updates)

Define common middleware

Knowledge based-system for Eval/Valid auto aids for

& messaging req (Updates) Demo mission mgnt using directed flight

ing vehicle sys & perf _ aviation in NGATS

(o) Resilient Vehicle Mission Management ‘ X\

archif for mission integ O i ity (Updates) P! cues, p!
eV V&V n)ar’agement_(ll.lpdates) o Definition of advanced oy _and system interactions Integ V&V, predictive
s ev » P assess i P capabilit,
@ Safety Critical System V&V R
icti ili N\XvaV of advanced i
and Predlc“ve capablllty Define integ Dev V&V,%ev V&V, ev V&V, predictive S/W implem & verf tools Software implem &vert></ ti v| th SIW. |r!|plem, V&. ™
0o computing platform predictive capability
V&V req assess tools developed of IRAC subsystem

Problem 1 problem 2

Dynamic

Controllability/Control strategy tool

Flight Safety Prognostics

Structural analysis methods
Define benchmark High fidelity models

oupled engine effects model
lodel methods issues Growth prediction & assessment

Coupled Hazard Effects

. Integ failure/damage modeling Integ RFCS wW/IVHM #1 Ipteg failure/damage modelil Infeg RFCS w/IVHM #:
Integration & Assessment iteg RECSWIEDIE I Integ RFCS wiIFD #2
Demo damaged engine control
Envifonmént Nazard

B q Demo*damaged engine control
Int Jactuator #1 OpiRoRroelcleldvpamizyal Methods for sensor fusi Sensing technologigs, characterization
s = : s Integ sensor/actuator
Sensors, Monitoring & Diagnostics _
Methods for upset detection Engine damage Damage, external hazards estimation
pe i ificati 5 q Access critical external hazards gnosis algorithm

Margin predictive capability
Real time models  Hazard/Engine d}{age modditedi

Control strategy tool methods

light safety usion & reasoning
i n algorithm methods
A i Ivsi

Common simulation environment Aerodynahic analysis

FCS Requirements

Engine damage models

valuate pilot cueing

y Automated control of mode)&
ault-tolerant robust

transitions

Control Mitigation & Recovery

Reconfigurable Failure Sets Risk Assessment,

/><design methods,
L Mul R Crew interaction methods,

Engine Damage recovery control methods ystef Req identified CreW i

Control Autonomy Develop architectures m Wﬂight Planning S&C Margin
Develop afcﬁi!ﬂﬂgp“mal e Ry S Sen¥or-dirétted maneuvering\Z<

Integrated hazard avoidance >\<>|

& recovery Sensor-directed maneuvering
A test case Methods in validation

opulsion
V&V of Complex Systems Efficiont 100l N Ogrelcp o<l REbabiES
Mission simulation testbeds)( /"

pled fli¢ =
Assess critjcal technologies’ i Advanced Structural Control Concepts Advanced Structural Control Concepts

domains
g V&V tools

Integration & Assessment

Define current engine capabilities Mission'management concepts

Mission management concepts

Airframe damage modéls

Materials & Structures &

Component life analysis Focused flight test /Airframe design methods

Flight smart structure actuation Advanced Hazards Models Airframi design me!hoq:s
E I S I I I re actuation

Flight smart Struct

Define unified metrics
E|

Optimization techniques

Disciplinary Failure Modules nnel testing

ine performance stud Develop CFS Hazards Mode|

Automated win

Modeling & Simulation

C
computin

efficient pi

A o
g role in recovery Faul

Disciplinary Modules Engine damage i iplinary
It accommodation algorithm

Develop control allocation methods ~ Assess soft
N

Systems, Control & Guidance

Develgzila cehitecézres Dyhamic UpSet Recovery Fault identification algorithm Sensory assisted recévery

© Validation & Verification

Fault injection research ™ Safty

Develop architectures Sensor technologies
Probabilistic analyses \% A Probabilistic analyses
Robust Des|gn & Instrumentation Develop architectures: 32 >/<; G; Sensor technologies AN Optimization techniqifés

Develop GFS Hazards Model

Engine model for performance
iye reconfigygable control

Emergent bel
Vegi

ynamic simulation 'echniques

Inverse finite element techniques
Life-gxtending control

Adaptive control methods

haviors

ind-tunel/cfd models %memal methodologies
educed-order methodologies STl o) EEIEED
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Aircraft Aging & Durability

Develop Integrated Methods to Enable the Detection, Prediction,
Mitigation/Management of Aging-Related Hazards

T

LEVEL 4 Experimental Validation of Airframe, Propulsion and Flight Systems Durability
Detectand  «—» Predict (life, strength, durability) [«—» Mitigate
LEVEL 3 Characterize ( J )
IVHM / IRAC Interface
LEVEL 2 *models, onboard state
NDE / Structural Structural Lifing Methods/ Mitigation
Health Monitoring Integrity Material Durability Technologies

Sensing and Diagnostic
Technologies

Physics-based Computational
Modeling Methods

Material Science
(metals, ceramics,
composites)

Characterization /
Validation Test
Technologies




Aging Aircraft & Durability:
Research Topics

Detection and
Characterization of Aging
Related Hazards

Establish linkage between structural analysis and NDE
techniques; Damage and environmental state quantification;
repair assessment

Prediction of Life, Strength,
and Durability of Aircraft
Systems with Degradation

Variable fidelity analysis methods and predictive tools;
methods incorporating usage and NDE information;
reliability/margins of safety with uncertainty

Mitigation of Aging Related
Hazards

Advanced material systems (surface treatment/coatings,
multifunctional); degradation management; design for aging
prevention, maintainability/repair, and damage containment

22




FYO7 FYO08

FY0O9  FY1

0 FYN FY12 FY13 FY14 FY15 FY16

Experimental Validation for
Airframe, Propulsion and

nse

rt-advanced-technotogy

Interagency  Integration  methods, assess
Testbed Framework (gia

nually)

Insert advanced technology
methods, reassess

A methods, reassess

Insert advanced technology

A\ N N/

Validate predictive /(

i ili i e i i Insert advanced technology
Fllght Systems Durablllty Inter/intra-agéncy  Baseline SOA against Baseline SOA against  V2lldate predictive o capabilty and extended
portfolio assessment  existi capability and extended IISHICCES RIS ASSEES "
existing database advanced concept test - life
(Annually) life
© Detect and Characterize .
. : CharacterlYation . i "
assessmen Baseline SOA  Multi-sensor data T o o Prototype repair Certified NDE and Integrated certified
i . capability management tools Y g assessment tech. sensor methods NDE/sensor
detection and analysis methodls
tools
© Predict (life, strength) SOA € prediction Validate \/"
assessmen Needs: Load and  Integrated Integrated linking NDE residual life Uncertainty Validate life
t damage detection  analysis tools for analysis tools for i prediction methods prediction for
prediction dated lly)  life dicti h Frect and analysis
(updated annually) life prediction strength prediction tdols methods component
(0} Mitigate SOA
Definé validation Y i Y ) )
assessmen i pgficatd validat€methods / iiate  Validate design  Validate
strategies for Gen 1 to integrate ;
t oo 4 Gen 2 for aging and design for
L mitigation concepts maintenance,
mitigation concepts o NDE. and : concepts for damage maintainability
. l durability containment
irasitits .
duirabitity y
© NDE/SHM Systems — =<
y Ml ortiogonal - Validated flaw Prototype e Ligearea  mimturizaton” databsees
measurement  characterization NDE systems Instrumentation detection
techniques
© Structural Integrity -
: Relat\dfirability
Assess SOA in residual to damage tolerance Residual strength Structural models Develop framework  Residual strength Validate framework for
strength prediction analysis methods for representing  fOr impact mechanics analysis methods impact mechanics
including degradation degraded state  and structural structural elements and structural dynamics.
Lifting Methods/Material Durabil,i,t_y_@ R Firrrt o
. i i A r lement Validate integrated "
Assess SOA Define material Validate thermo- Develop life. ol 2 Validate integrated life
in remaining life  Selection criteria mechanical e e . Phaiotio  Multscale damage Life prediction  Coupled mu\t\scaleir:ir::grsamg Integrate maiscale damage prediction methods
analysis capability EEes btz of combined mech., methods  <iionce methods methods for  models for aging/ 1CGTPOrAING. myj-scale
mslhods. airframe and thermal, environment e o wire insulation environment e«emsﬁ damage models
rotating propulsion lamage with life prediction
@ Mitigation Technologies —_
Gen Failure Gen Design Structural
mitigation Introduce ¢ tainment Maintenance. mitigation ~ for Maintenance  concepts
concepts. VHM concepts and repair tech. concepts aging  human factors for aging
Inspection
Sensol
Mapping flaw
Emerging Materials Z’;’O"P'e‘x s‘ze",‘;hgpe

@ Sensing and Diagnostic Tech
o Physics-based Modeling

© Computational Methods

@ Materials Science (metals,
ceramics, composites)

@ Characterization/Validation
Test Tech

inspection techniques

ADP metffod: N Sensors Micro/nano sensor systems
Co Sensors Low cost/mass  for system level integrity assessment
for v methods for for extreme NDE for Y e
methods for and for material SO elctrical sensors for
characterization structures monitoring | properties interconnects Mechanical and
rogression ;
P environmental loads

Material degradation models

Global and local failure
criteria for materials
and strictures

S

i Material fatigny Atomistic

Material damage models|  Crack initiation ~ Built-up structure
deformation models  damage models, including and propagation progressive damage
high strain rate and environmental effects methods

Wirin ‘Scale-up
Models simuling NDE s
lfing tool
ID wiring
degradation 1 "5k Fauitolerant

im issues o

&

Inverse FMomputzhona\ @Jncsﬂamty ‘Parallel and

damage locate _efficiency for probabilistic approximate methods
and characterize progressive failure methods speed probabilistic desigh
Invert predictive tools
to suggest materials-by-design

Auvance<<>

computational
methods for

damage initiation
and propagation

mechggisms ing /\ {}
Evaluate 1D critical Advanced: CPC's Corizrranit Materials for Novel materials/ Cert. criteria for Effects of long-term
SOAin damage/ adhesive  and surfade system Next gen ~ inhibition of fab for repairs and aging materials Understanding of thermal-mechanical
RS degradation | o troatmentd  materls  Wiing_ | corrosion replacement parts aging as interaction exposure
mechanisms materials of materials, loads,
and environments
Assess Test methoc Multiaxial Charact
¢ . st ultiaxial testing aracterize
SOAand Test methods for  high stain rate, ﬁ;:;;”ze and full-field environment effect
develop accel. monioring damage - environment effect T2 measurement on strengthllife
test methods processes and on strengthlife Gl 9
mechanisms ity

progression
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Aviation Safety Program

Project Area Interdependencies - Examples

Integrated Intelligent Flight Deck \

Situational Tools, Methods, Concepts, Principles,

Awareness Guidelines and Technologies for Airframe & Control Damage Info
Revolutionary Adaptive Flight Decks That Control System State Changes
Improve Safety Mission Management & Execution

N\

Integrated Resilient Aircraft Control

Integrated Vehicle Health
Management

< | Integrated Multidisciplinary Modeling,
Multidisciplinary Vehicle-Wide Control State Control, and V&V Technologies for

Health Management System, Hazard-Resilient Aircraft Control &
Tools, and Technologies Flight Management
Life & Strength Aircraft Aging & Durability
| Prediction Technologies Integrated Methods to Enable the Damage effects
Detection, Prediction, characterization and
» Mitigation/Management of Aging mitigation information for

Database tools for large-area inclusion in aging and
. . ) Related Hazards .
inspection over extended time residual strength models




Safety Program/Project Leads

Aviation Safety Program

Director (Acting) — John White

Integrated Vehicle Health
Management
Pl - Dr. Celeste Belcastro
PM — Cheryl Allen

Integrated Resilient Aircraft
Control
Pl — Dr. Christine Belcastro
PM — Joseph Totah

Integrated Intelligent Flight Deck
Pl — Dr. Steve Young
PM — Leighton Quon

Aircraft Aging & Durability
Pl — Dr. Rick Young
PM — Doug Rohn

Principle Investigator (PI)
Project Manager (PM)




